Incompatibilities in interspecific hybrids, such as reduced hybrid fertility and lethality, are common features resulting from reproductive isolation that lead to speciation. Subspecies crosses of house mice produce offspring in which one sex is infertile or absent, yet the molecular mechanisms of hybrid sterility are poorly understood. In this study, we observed extensive asynapsis of chromosomes and disturbance of the sex body in pachytene spermatocytes of sterile F1 males (PWK/Ph female 3 C57BL/6J male). We report the high-confidence identification of 4005 proteins in the pachytene spermatocytes of fertile F1 males (PWK/Ph male 3 C57BL/6J female) and sterile F1 males (PWK/ Ph female 3 C57BL/6J male), of which 215 were upregulated and 381 were downregulated.
INTRODUCTION
Haldane's rule indicates that when crosses between different animal species produces offspring in which one sex is rare or absent or presents infertility, that sex will tend to be heterogametic [1] . In mammals, the decrease of fertility in males is much more severe than in females, and generally, the heterogametic sex is more sensitive to interspecific and intersubspecific genetic incompatibility [2, 3] . Hybrid sterility is a post-zygotic reproductive isolation mechanism that is widespread in animal and plant species. This phenomenon puzzled evolutionary biologists until the theory of ''Dobzhansky-Muller (D-M) incompatibility'' was published [4, 5] . Hybrid incompatibilities are a widely observed cause of reproductive barriers and have been a focus of genetic studies of speciation [6] . Inbred strains of mice provide a powerful system of genetically defined mammals that are particularly suitable for understanding the evolution of reproductive isolation at the early stages of speciation [7, 8] .
The sterile hybrid mice are often males, and they exhibit spermatogenic disruptions, leading to a decreased number and/ or malformation of mature sperm. F1 hybrid males from an intersubspecific crossing between C57BL/6J and NJL/Ms showed male sterility associated with a reduced proportion of spermatocytes [9, 10] . Meanwhile, (B6 3 Mus spretus) F1 hybrid males are infertile with spermatogenic defects detectable during the first meiotic metaphase [10, 11] . Although the phenomenon of reproductive barriers from spermatogenic impairment is well known, the underlying genetic mechanism and molecular basis remain elusive. One hypothesis of a factor contributing to hybrid male sterility is ''meiotic drive,'' which is characterized by the differential formation or success of gametes, and this meiotic or gametic failure may reduce overall fertility [10, 12] . More importantly, most researchers focus mainly on the sex chromosomes and their contribution to the evolution of post-zygotic isolation [13] [14] [15] . There are already several evolutionary hypotheses to explain the rapid development of X-linked sterility, which includes more frequent positive selection on the X chromosome [16] [17] [18] . Generally, the X chromosome is inactivated at the pachytene stage of meiosis (meiotic sex chromosome inactivation [MSCI] ) and remains repressed for the duration of spermatogenesis [19, 20] . However, in sterile F1 hybrid mice, the X chromosome is widely overexpressed at the pachytene stage, and MSCI is disrupted [21] [22] [23] [24] , which indicates that disrupted MSCI may contribute to the preferential sterility of heterogametic hybrid males.
A PWK/Ph inbred mouse strain was generated from the wild mice of M. musculus subsp. musculus [25] . In this paper, we studied a cross between a wild-derived inbred stain of PWK/Ph and C57BL/6J in which sterility is asymmetrical: F1 males (PWK/Ph 3 C57BL/6J F1, henceforth PB6F1) derived from a PWK mother are sterile, whereas F1 males (C57BL/6J 3 PWK/ Ph F1, henceforth B6PF1) with a C57BL/6J mother are fertile. An arrest in spermatogenesis was observed in PB6F1 males at the mid-pachytene stage with extensive asynapsis of chromosomes and disturbance of the sex body in pachytene spermatocytes. The different phenotypes of PB6F1 and B6PF1 promoted us to analyze the mechanistic basis of hybrid sterility, and to address whether there are special meiosisassociated proteins that are misexpressed in the mid-pachytene stage of hybrid sterile F1 males, and whether these misexpressed proteins have some relationship with each other and ultimately lead to hybrid sterility.
MATERIALS AND METHODS

Ethics Statement
All animal care and experiments of this study were performed in accordance with the guidelines of and were approved by the Ethics Committee of International Peace Maternity and Child Health Hospital, School of Medicine, Shanghai Jiaotong University.
Animals
The C57BL/6J mouse strain was originally purchased from Vital River Laboratories in Beijing, China. B6PF1 (C57BL/6 3 PWK/Ph F1) and PB6F1 mice (PWK/Ph 3 C57BL/6 F1) were obtained from the Animal Center of Henan Agricultural University (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). The mice were kept at 228C with 14L:10D; they were provided food and water ad libitum.
Histological Analysis
Whole testes were dissected and fixed in 4% paraformaldehyde overnight, embedded in paraffin wax, and 4-lm sections were obtained. The sections were then stained with hematoxylin and eosin and used for TUNEL assays.
Fluorescence Immunostaining
Slides with chromosome spreads were subjected to immunofluorescence staining as described previously [23] . Briefly, dried slides with spermatocyte chromosomes were prepared as described previously [26] . After a 60-min incubation in antibody dilution buffer, primary and secondary antibodies were sequentially incubated for 12 h at 378C and for 1.5 h at 378C, respectively. Fluorescent signals were examined using an Eclipse 80i model epifluorescence microscope (Nikon). Primary antibodies against the following proteins were used: rabbit anti-SYCP1 (1:200 dilution; Abcam), mouse anti-SYCP3 (1:500 dilution; Abcam), rabbit anti-c-H2AX (1:800 dilution; Abcam), and rabbit antiH1t (1:200 dilution). These primary antibodies were detected using a cocktail of secondary antibodies (donkey antisera) conjugated with different fluorochrome compounds: green Alexa-488 and red Alexa-555 (Invitrogen), Alexa 
Preparation of Pachytene Spermatocytes and Capillary Reverse-Phase LC-MS Analysis
Isolation of pachytene spermatocytes from the testis of 18-day-old B6PF1 and PB6F1 mice (n ¼ 3) was performed using previously described techniques [27, 28] . Briefly, detunicated testes of 18-day-old male mice were placed into 1640 medium (Gibco) and digested with 0.5 mg/ml collagenase (SigmaAldrich) for 15 min and then with 0.5 mg/ml trypsin (Gibco) containing 1 lg/ ml DNase I for 30 min. The released cells were washed with PBS containing 0.5% bovine serum albumin and then sedimented at unit gravity through a 2%-4% bovine serum albumin gradient generated in a medium-sized STA-PUT chamber (ProScience Inc.). After 3 h, 10-ml drop fractions were collected into a tube at a rate of 5 ml/min. Cells in the fraction were assessed for morphology and purity by light microscopy (Supplemental Fig. S2 ). Highly enriched fractions containing pachytene spermatocytes (1 3 10 7 cells) were collected for protein extraction at Shanghai Jiaotong University under the direction of Fei Sun and sent to Xuejiang Guo (Nanjing Medical University) for mass spectrometry sequencing at their core facility. Protein lysates, extraction, protein digestion, and tandem mass tag (TMT) 6-plex labeling were performed according to previously published methods [29] . The labeled peptide mixture was fractionated by strong cation exchange (SCX) chromatography. min; 40%-100% B for 1 min; 100% B for 5 min; 100%-0% B for 1 min; and 0% B for 20 min before the next run; effluents were monitored at 214 nm based on the UV light trace, and fractions were collected every 1.5 min. After desalting, each fraction was loaded onto a trap column (0.3 3 5 mm; 5 lm; 100 Å ; Dionex) at a flow rate of 20 ll/min. The trap column effluent was then transferred to a reverse-phase microcapillary column (0.075 3 150 mm; Acclaim PepMap100 C18 column; 3 lm, 100 Å ; Dionex) with a flow rate of 300 nl/min. The reverse-phase separation of peptides was performed using the following buffers: 2% ACN, 0.5% acetic acid (buffer A), and 80% ACN, 0.5% acetic acid (buffer B); the following gradient was used (3%-5% buffer B for 3 min; 5%-20% buffer B for 167 min; 20%-36% buffer B for 15 min; 36%-100% buffer B for 1 min; 100% buffer B for 7 min; and 100%-3% buffer B for 1 min). Peptide analysis was performed using an linear trap quadropole (LTQ) Orbitrap Velos unit (Thermo Scientific) coupled directly to an LC column, using collision-induced dissociation (CID) tandem mass spectrometry (MS/ MS) identification followed by high-energy collision dissociation MS/MS/MS (HCD-MS3) for quantification according to a previous method [30] . Protein identification and quantification were calculated by combining MaxQuant identification results according to the Libra algorithm [31] . A Student t-test was used to compare the protein expression differences, and a P value of less than 0.05 and a fold change greater than 1.5 were considered significant.
Bioinformatics Analysis
Entrez Gene and Ensembl gene identifiers were obtained using the online ID mapping tool provided by Uniprot [32] . To obtain an overview of the biological significance of the differentially expressed proteins (DEPs), enrichment analysis, including Gene Ontology (GO), KEGG pathway, phenotype, and transcription target, were performed using WebGestalt [33] . The Mouse Genome Informatics database was used for annotating known mouse phenotypes related to the DEPs [34] . Pathway Studio (version 6.0) was used to extract information of direct interactions and common regulatory targets among DEPs [35] . Networks were drawn using Cytoscape (version 2.8) for visualization [36] .
RESULTS
Block of Spermatogenesis and Apoptosis in Mid-Pachytene Spermatocytes of Sterile PB6F1 Males
As we reported previously, the PB6F1 adult males were infertile, and the relative testis weight was significantly lower than that of control mice [37] . Histological cross-sections showed smaller tubule diameters, a complete lack of spermatid and sperm, and large vacuole-like structures in every tube in the sterile PB6F1 males (Fig. 1A) . In contrast, spermatogenesis of B6PF1 mice proceeded relatively normally compared to that of C57, and an abundance of sperm was observed within the tubes (Fig. 1A) . The testis-specific linker histone H1t gene is transcribed exclusively in mid-pachytene spermatocytes [38, 39] . In order to determine which stage of spermatogenesis arrested in the sterile PB6F1, meiotic spreads from fertile and sterile testes were immunostained with antibodies recognizing the synaptonemal complex protein (SYCP3) and H1t. The results showed that spermatogenesis in PB6F1 fertile males was blocked at mid-pachytene, given the presence of H1t-positive pachytene spermatocytes and the absence of diplotenestage spermatocytes in PB6F1 testes (Fig. 1B) . To determine whether the block in spermatogenesis in mid-pachytene spermatocytes was due to cell death, apoptotic cells were quantified in C57 mice (0.47 6 0.07 apoptotic cells/tubule; WANG ET AL. 17.25% 6 2.68% positive tubules) and in sterile PB6F1 hybrids (1.86 6 0.21 apoptotic cells/tubule; 48.34% 6 3.65% positive tubules). Therefore, sterile PB6F1 hybrids displayed a 4-fold increase in TUNEL-positive apoptotic cells and an approximate 3-fold increase in positive tubules; moreover, apoptotic cells were also identified in some tubes of PB6F1 sterile male testes (Fig. 1C) .
Asynapsis of Chromosomes and Disturbance of the Sex Body in Sterile PB6F1 Males
Homologous chromosome recombination is the most important event during male spermatogenesis, and defects in this process could account for the observed PB6F1 sterility. In order to accurately identify the meiotic defects in PB6F1, double-labeling experiments were carried out with antibodies recognizing the SYCP3 and SYCP1 proteins, which are the structural components of the axial elements and lateral elements and of the transverse filaments of the central element of the synaptonemal complex, respectively. In normal pachytene spermatocytes, the expected 19 autosomes were fully assembled and immunostained anti-SYCP3 and anti-SYCP1 ( Fig. 2A) . However, multiple asynapsed autosomes were detected in more than 90% of pachytene spermatocytes in PB6F1 sterile males, in which the SYCP3-positive univalents were negative for the SYCP1 protein (Fig. 2, A and B) . Generally, the synapsis of X and Y chromosomes is restricted to a short, ''pseudoautosomal'' region, which plays an 
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important role in homologous recombination and proper segregation of X and Y chromosomes [40] . In pachytene spermatocytes, the X-Y synapsis failed in 40% of PB6F1 sterile males (Fig. 2, C and D) .
The X and Y chromosomes are packaged into a compact subnuclear structure known as the XY or sex body [19, 41] , which plays an important role in meiosis. Eighty percent of mid-pachytene spermatocytes of infertile PB6F1 hybrids and 35% of fertile B6PF1 hybrids carried one or occasionally two unsynapsed autosomes that were completely or partially embedded in the XY body, which was marked with c-H2AX (Fig. 2, E and F) .
Peptide and Protein Identification
Due to the different phenotypes in PB6F1 and B6PF1 mice and meiotic defects of PB6F1 pachytene spermatocytes, we focused on determining whether there are special meiosis-or spermatogenesis-associated proteins that are misexpressed in the mid-pachytene spermatocytes that may lead to hybrid sterility. We identified 4005 unique proteins in isolated midpachytene spermatocytes from B6PF1 and PB6F1 male testes, which included 596 DEPs. Among these proteins, 215 were upregulated, and 381 proteins were downregulated (Supplemental Tables S3 and S4 ). Three of the 381 downregulated proteins (GKAP1, PGP, and citrate synthase) and one of the 215 upregulated proteins (H2AFX) were verified by Western blotting (Fig. 3) .
Functional Enrichment Analysis of Differentially Expressed Proteins
In order to obtain an overview of the biological significance of the DEPs, enrichment analysis, including GO and the KEGG pathway and phenotypic analyses, was performed (Supplemental Tables S5, S6 , and S7). According to GO, an enrichment analysis including biological process, cellular component, and molecular function (Supplemental Table S5 ) was performed. To examine which important biological processes were enriched in hybrid sterility, we compared our data set with those of combined reference database. As expected, the protein enrichment of processes of spermatogenesis, reproduction, and metabolic process were significant. Moreover, most of the proteins play important roles in biological processes by binding other factors including proteins, RNA, or ions, which indicates a cooperative mechanism. Most of the DEPs could participate in metabolic pathways according to KEGG pathway analysis. The metabolism of a cell consists of an elaborate network of interconnected pathways, which suggests these proteins may couple with each other to function in a particular meiotic process. Most importantly, many of the enriched phenotypes The exceptional multivalents indicate nonhomologous synapsis by staining for SYCP3 and SYCP1. N ¼ 100 cells from 3 mice. *P , 0.05, ***P , 0.001, t-tests. C and D) The X and Y chromosomes could not be reliably identified in pachytene spermatocytes by immunostaining for SYCP3. Arrowheads ¼ X and Y chromosomes; arrow ¼pseudoautosomal region (PAR). N ¼ 100 cells from 3 mice. *P , 0.05, ***P , 0.001, t-tests. E and F) Autosomal univalents within the sex body in C57, B6PF1, and sterile PB6F1 mice identified by immunostaining for SYCP3 and c-H2AX. N ¼ 100 cells from 3 mice. ***P , 0.001, t-test. Bar ¼ 20 lm for all images.
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among the DEPs were related to reproduction, such as an abnormal male reproductive system, male infertility, and abnormal testis size (Supplemental Table S7 ).
Meiosis-and Spermatogenesis-Related Proteins
Annotation of the identified DEPs by using the mouse knockout data from the MGI database revealed that 43 and 59 of the identified proteins were already known to be essential for male meiosis and spermatogenesis, respectively, in mice (Fig.  4) . The major meiosis-and spermatogenesis-related proteins are listed in Table 1 . For example, HORMAD1 and H2AFX are important for double-strand break repair and homologous recombination in meiosis, which are both increased in sterile PBF1 hybrids, indicating failed double-strand break repair and recombination. Interaction and regulation analysis of the meiosis-and spermatogenesis-related proteins by the Pathway Studio also displayed complex interaction and regulation networks (Fig. 5) . It is likely that these meiosis-related proteins function in a complex network to ensure successful meiosis and spermatogenesis, and thus altered expression may lead to infertility.
DISCUSSION
Because different genetic changes are fixed independently in the lineages of a species, studies with hybrids offer an incomparable opportunity to discover regulatory incompatibilities that could be neglected in the conventional comparisons of the gene expression profiles among species [42, 43] . In this study, we chose an F1 cross between PWK/Ph and C57BL/6J, in which sterility is asymmetrical, that is, PB6F1 is sterile and B6PF1 is fertile, to evaluate the contribution of DEPs in PB6F1 to hybrid male sterility.
Meiotic chromosome pairing and synapsis play an essential role in meiosis, ensuring accurate segregation of homologous chromosomes. Asynapsis of multiple chromosomes is a fairly common meiotic aberration, and whenever it occurs, it triggers the pachytene checkpoint and meiotic breakdown and eventually leads to infertility [44] . Some studies have focused on the function of meiosis in interspecific hybrids. For example, McDermott et al. [12] analyzed different forms of meiotic drive and their possible roles in hybrid male sterility. We identified asynapsis at the pachytene stage as the earliest meiotic phenotype in infertile PB6F1 males. Multiple asynapsed autosomes were detected in more than 90% and in sex chromosomes in 40% of pachytene spermatocytes in PB6F1 sterile males, and unsynapsed autosomes could completely or partially embed in the XY body. All these meiotic aberrations may function as the meiotic drive toward hybrid sterility, and it is possible that the sterility is chromosomal and caused by heterospecific pairing incompatibilities. 
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In mammals, the study of proteins that play an essential role in meiosis has mainly depended on the use of mouse transgenics and targeted gene knockout technology, and all the meiosisrelated genes have been researched individually. Although hybrid male sterility and the phenomenon of reproductive isolation by spermatogenic disruptions are well known, the basic mechanism remains elusive. In this study, the different phenotypes between PB6F1 and B6PF1 prompted us to analyze the DEPs to identify the relationships between meiosis-related proteins and hybrid male sterility. In the resultant mouse proteome, 596 DEPs were identified in PB6F1, and among these proteins, 43 and 59 proteins were known to be essential for male meiosis and spermatogenesis, respectively. Importantly, we found that most of the enriched phenotypes among the DEPs were related to reproduction and that these meiosis-related proteins displayed complex interaction and regulation networks. The DNA-binding protein PRDM9 plays an essential role in male hybrids of certain mouse subspecies, and elevated DMC1 signals on chromosomes appear to be a universal feature of the small, discrete regions where PRDM9 can direct the positions of the double-strand break (DSB) events that initiate meiotic recombination. PRDM9 binds asymmetrically in these ''hotspots.'' [45] . In (PWD 3 B6) F1 mice, DMC1 signals were evidently elevated on asymmetrical hotspots [45] . Interestingly, we found that the expression of DMC1 was also upregulated in PB6F1 sterile spermatocytes (Figs. 3 and 4) , in which multiple autosomes were asynapsed. Meanwhile, we identified many novel and testis-specific genes that were also differentially expressed in PB6F1, such as EG625802 (Supplemental Fig. S3 ), 4930544G11Rik, 4732415M23Rik, and 1700123L14Rik, which may play important roles in spermatogenesis. We concluded that the meiosisrelated and DEPs in hybrid male spermatocytes could constitute a protein-protein interaction network to function in the reproduction system, which ultimately leads to hybrid male sterility.
